The measurement of surface temperatures of hot-gas path components of gas turbines under operating conditions provides a considerable challenge because the complexity of measurements under the prevailing conditions is substantial.
INTRODUCTION
Drawing upon the company's longstanding industrial gas turbine experience MAN Diesel & Turbo SE has recently introduced a new gas turbine model in the 6-7 MW output range, in both a single-and a dual-shaft assembly (see Fig. 1 ). This engine is the first in a new gas turbine family.
Turbines in the power range up to 20 MW have traditionally been used for mechanical drive applications. In these applications engines face a demanding variety of geographical sites and often extremely harsh operating conditions. This class of engines is also increasingly used for small-scale co-and poly-generation, in which case fast transients to full/part load operation are required as well.
These operating conditions, as well as the requirements on efficiency and emissions imposed by the market, lead to the modern engines being run ever closer to their operating limits, which in turn means information on component temperatures become ever more important. 
Temperature Sensing Technologies
Conventional temperature measurement techniques have fundamental limitations in real engine applications. Thermocouples require access to the measured component and require telemetry systems on rotating components, both of which severely restricts the number of measurement locations and, hence, the data coverage. Pyrometry requires optical access and suffers from significant errors caused by uncertainty in the determination of the emissivity of surfaces, presence of extraneous radiation and contamination of the optical path (Nickel et al., 2002; Kerr and Ivey, 2003) .
Other techniques have been developed that avoid the requirement for access during operation. These techniques record the temperature information during operation by undergoing some thermal induced, permanent alteration which is interpreted after operation, i.e. off-line.
Thermochromic paints, which are widely used in the gas turbine industry, can be applied to the surface of components and undergo irreversible changes triggered by chemical reactions (Chamberlain, 1987) . The boundaries of colour bands, identified by trained technicians, indicate isotherms. The technique is well established and, through careful test implementation and the use of multiple paints, temperature profiles can be generated. However, the interpretation of the paint is subjective and the isotherms can be sparsely distributed over the surface leaving significant data gaps. These colour changing paints are known to be highly toxic comprising some heavy metals such as lead, chromium and in some cases even mercury, which are restricted under EU REACH legislation (EU Regulation, 2006) . Furthermore, dedicated tests of only 3-30 minutes are necessary due to the poor durability of these paints. This restriction has major implications on the cost of using the technique. The cost of running a single, dedicated test can run into hundreds of thousands of Euros due to the significant effort involved in the assembly, disassembly and running costs. There also remains the risk that, despite the short operation, the paint measurements fails because the paint is removed or the operation cycle is different to that planned meaning the intended calibration is no longer applicable. A technique would be preferable that can be used as part of a longer test campaigns which involve the testing of multiple parameters, not only the maximum temperature of the components.
Luminescent thermal history sensors, first proposed by Feist et al. (2007) , provide an alternative to thermocromic paints. These sensors, which consist of a ceramic host doped with an optically active ion, undergo irreversible changes upon exposure to high temperature. These changes can be related to the temperature of exposure by interrogating the optical properties of the material. The feasibility of the technique has been demonstrated up to at least 1400°C (Rabhiou et al., 2010) . These materials can be applied as a simple non-toxic paint or as a robust atmospheric plasma spray (APS) coating. The technique has been successfully demonstrated to temperatures up to 900°C with a precision better than ±5 °C (Feist et al., 2015) . Recently, THPs were tested in a combustor chamber test and compared favourably with thermochromic paints (Krewinkel et al., 2017) in terms of measurement capability and durability. The greater durability than thermochromic paints, affords the opportunity to use this technique as part of extended tests. This paper presents the first application of the Thermal History Paint in extended tests. The implications on the calibration of the paint are investigated. The temperature measurement results, on two different components, are compared to simulation data and the existing measurement standard, thermochromic paint.
Theory of Thermal History Paints
A brief overview of the theory underlying the THP technology is provided. A more detailed description can be found elsewhere (Feist, 2015) .
An oxide ceramic is combined with a water based binder to produce the Thermal History Paint (THP). The oxide ceramic is doped with a few percent of lanthanide ions to make the material phosphorescent. When irradiated with light, the lanthanide ions absorb the light energy and reemit it at a different wavelength. The properties of the emitted light are dependent on the physical properties of the material. Hence, the ions act as atomic level sensors of their surrounding environment. Thermal exposure of the material causes permanent changes to the material, which are observed in the phosphorescence properties. These properties change in several ways according to the physical condition of the material, but the changes in temporal characteristics are used in this investigation.
After pulsed excitation, the intensity (I) of the phosphorescence emission with time (t) can be described as follows:
where I 0 is the intensity at t = 0 and τ is the lifetime decay, which is related to the probability of radiative and non-radiative relaxation processes. In the as-synthesized amorphous phosphor, there are crystallographic defects and residual precursors, which increase the probability of non-radiative decay and, hence, decrease the lifetime decay, τ. Subsequent heating of the material causes it to crystallize, reducing the defects and residual precursors and therefore increasing the lifetime decay.
The phosphorescence is measured solely by light, i.e. the technique is non-destructive and can be conducted using relatively simple, objective opto-electronic instrumentation. Furthermore, since the measurement is based on the temporal response, it is not affected by polluted optics or stained surfaces.
METHODOLOGY
The THP was applied and tested on a range of components in a MAN single-shaft 6.9MW engine. Two of the rotating ones will be discussed in more detail; the downstream sideplate of the first stage and the second stage blade. This section describes the application, testing and calibration of the paint.
Engine Test
The engine test was conducted at the gas turbine test bed at MAN's Oberhausen plant. The test bed is used for both prototype and commercial testing. Although a water brake is used instead of a generator, all requested load conditions and transients can be achieved. As this was a prototype test, several hundred temperature and pressure measurements were taken. Some of the former were used as a reference for the THP's.
The single-shaft assembly was used in this particular test. The total test duration was approximately 50 hours, but only full-or part-load conditions above 80% of the maximum temperature are relevant for the results of the THP's. The total relevant test duration of circa 26.5 hours is further detailed in Table 1. The highest TIT-level actually was somewhat above the normal full-load level. This was held for about 20 minutes and was only chosen in order to have a defined point for further comparisons with CFD-calculations.
CFD-Calculations
The CFD-calculations were performed using ANSYS CFX for the blade and T-Block for the cavities in the secondary air system. The modelling of heat transfer is better in the former code, but the latter one can calculate much faster. Therefore, CFX was used for the calculation of the blades, where heat transfer is of the utmost importance, whereas T-Block was used for the calculation of the cavities in the secondary air system, where an unsteady calculation is required to simulate a possible ingress.
The material temperature of the blade is predicted using the so called FEM2D method (Findeisen et al., 2017) . The heat transfer coefficient is obtained by a CFD simulation of the main flow as well as the cooling air. To get a fully converged heat transfer distribution, iterations with the previously calculated wall temperature of the FEM analysis need to be performed.
The commercial code ANSYS CFX 16.2 is used for the CFD. The turbulent flow is modelled by Shear-Stress-Transport (SST) model by Menter and the transitional behaviour of the boundary layer by the correlation based γ −θ model. The block-structured grid of main flow consists of hexahedral volume elements. An unstructured tetrahedral grid is used to mesh the complex geometry of the cooling system but it additionally contains 12 prism layers near the wall to resolve the boundary layer.
The Navier-Stokes solver T-BLOCK was developed at Cambridge's Whittle Laboratory by John Denton (Denton, 2005) . All T-BLOCK calculations used the version modified by MAN as described in Wiedermann and Greving (2015;  please also see this publication for further references). The code is a multi-block solver for structured grids, which has been explicitly designed for turbomachinery applications and therefore uses cylindrical coordinates. Two turbulence models have been implemented in the code: the zero-equation mixing-length and the one-equation Spalart-Allmaras model. For steady calculations an explicit time-stepping scheme is used, but for URANS calculations performed here a dual time-stepping method is employed. For this particular application an adiabatic calculation of a mesh with approximately 2.8 million gridnodes was performed. As the possible ingress was of importance for the study, the vane and blade were included in the mesh. The overall average dimensionless wall distance was y + >30, i.e. wall functions were used throughout.
Thermal Paint Tests
The thermal paint tests were performed on an engine of the same built as that used in the testing of the thermal history paints. The small deviations between the engines due to assembly etc. have been taken into account in the evaluation. Also, two of the thermal paint tests had a duration of 20 minutes, one a duration of approximately three minutes (cf. Aschenbruck et al., 2013) , which means most components in the secondary air system had not reached their final temperature yet. Six different commercially available thermal paints were used in each test, the evaluation of the paints was done by MAN by especially trained personnel. The three-minute test run was used as a basis for the comparison between CFD, thermal paint and THP of the blade, one of the two 20-minute test runs was used for the comparison of the sideplate.
THP formulation and application
The oxide ceramic powder was synthesized to form an amorphous product by a standard sol-gel route described in further detail elsewhere (Rabhiou et al., 2011) . The powder was mixed into a water-based, alkali silicate binder used in the aerospace industry to produce the paint.
The sideplate were grit blasted to increase the surface roughness, therefore, improve the adhesion of the paint. After grit blasting, the sideplate was cleaned with acetone. The paint was applied in multiple layers using a Sri Pro gravity fed spray gun (Devilbiss, USA) to achieve a final thickness of approximately 30µm. The paint was cured by heat treatment to remove the residual water. The second stage blades were painted using the same process without grit blasting. This was to avoid removing the aluminized coating. The effect this has on the durability of the coating is mentioned later in section Durability of THP.
THP measurement instrumentation
The luminescence of the paint was measured using an opto-electronic system designed by SCS, the fundamentals of which are described in greater detail elsewhere (Feist et al., 2015) . The diode pumped solid state laser light operating in pulsed mode was coupled into an optical fibre and delivered to the surface of the component where the measurement is performed. The phosphorescence emitted by the THP was collected by a different branch of the fibre optic cable and directed to a light detector via a bandpass filter. The signal from the detector is digitized and fitted to Equation 1 using a non-linear least square algorithm.
To record the large number of data points required for the analysis of the components, the instrumentation was coupled with automated machines. The first implementation was on a CNC machine at the MAN plant in Oberhausen, which was used to measure the sideplate. The optical fibre was coupled to the machine by a specifically designed holder. The machine enabled measurements in pre-programmed locations by translating the fibre in x,y, and z planes and rotating the sideplate.
The second stage blades were measured with a newly developed, dedicated system whereby the head of the optical fibre was attached to 3 linear slides that permitted movement in 3 dimensions, described in more detail elsewhere (Krewinkel et al., 2017) . Additionally, the blades were mounted on a rotary table that allowed rotation around the vertical axis. In this way, automated measurement of the SS and PS of the blade was possible and the physical location of the measurement was recorded in x,y,z-coordinates along with the temperature. A 3D reconstruction of the aerofoil surfaces was possible allocating temperature data to each of the surface locations. This facilitated the interface of the data with numerical models, improved the spatial accuracy of the measurement and reduced the time necessary to conduct the measurements.
Calibration Curves
To relate the lifetime decay measured on the THP to the temperature of exposure, samples of the paint are heat treated under controlled conditions. Once cool, the samples are measured to generate a calibration dataset. Normally, THPs are calibrated using a single cycle test with steady state operation and calibration samples are heat treated for the same duration as the test. However, the test engine was operated over an extended period of time at different load levels. Therefore, an investigation was conducted into the effect of accumulated time at temperature on the measurements provided by the THP. The engine data was used to guide the test plan for the investigation. The histogram in Figure 2 shows the time distribution at various temperatures for a significant thermocouple located in the vicinity of the downstream sideplate of the first stage. This histogram is selected to be the reference of the thermal exposure during of all the components the engine test. (Fig. 2) For the investigation of accumulated time at temperature, the data from the thermocouple, represented by the histogram in Figure 2 , was discretized into 5 bins. A heat treatment schedule was created whereby each of these 5 bins was a heat treatment step (see Table 1 ). Three sets of samples (A, B and C) were heat treated sequentially over a number of these steps, as illustrated in Table 1 . One set of samples (A) was exposed to all five steps undergoing a similar thermal history as the thermocouple. The second set (B) was only heat treated for the final three steps, above 92.5 % of the maximum temperature. The third set (C) was only exposed to the final step at the maximum temperature. To cover the majority of the standard full range of the THP (150-900°C), 5 different values in steps of 120°C between 400°C and 880°C were used for the maximum temperature (T max ) in the investigation.
The samples were measured after each heat treatment step, and the results are summarized in Figure 3 . Samples A (o) follow the same calibration curve after each step. The last step had little effect on the lifetime decay and lies only slightly off the rest of this calibration curve. This indicated that the exposure time was not long enough to have a significant effect on the calibration. Samples B (+), initially exposed for a shorter time of 6 hours 12 minutes, show lower lifetime decay than samples A. This offset became smaller at higher temperatures, where the lifetime decays of samples A and B were similar. The final heat treatment of 12 minutes also generally had little effect on the lifetime decay. Samples C (x) show the lowest lifetime decay, which indicated that a 12 minutes heat treatment was not sufficient to achieve the same level of transformation in the amorphous structure.
The results in Figure 3 suggest that calibration curves converge for exposure times longer than 6 -7 h. In fact, any subsequent heat treatment after step 1 in samples A does not significantly modify the lifetime decay calibration curve. It was decided in the current project, therefore, to generate the final calibration by heat treatment of the samples for a single 7-hour steady state cycle over the complete temperature range of the THP. The calibration curve after a single cycle at 7 h steady-state exposure is shown in Figure 4 . The calibration shown here extends from 250 °C to 880 °C with a monotonic increase up to 840 °C. The vertical error bars represent the standard deviation in the estimate of the lifetime decay based on 35 repeat measurements on 5 different locations on each calibration sample. This accounts for both the uncertainty related to the instrumentation and possible variations across the painted surface. The horizontal error bars represent the estimate of the experimental uncertainty of the temperature measurement related to the calibration and were calculated by applying the formula: = , where u is the uncertainty and subscripts T and LTD are temperature and lifetime decay respectively. The calibration curve, shown in Figure 4 , was used to convert the lifetime decay measurements on the components in the engine test into temperature.
RESULTS AND DISCUSSION
In this section, the measurements from the THP on both the sideplate and second stage blades will be compared with both CFD calculations and thermal paint results. All of the results are nondimensionalized using the highest temperature expected from the CFD calculations of the component in question.
In order to have a fair and unbiased evaluation, the engineers performing the temperature measurements from the THP's did not know which temperatures to expect and the ones doing the CFD did not know the experimental outcome.
Durability of THP
After the complete engine testing, the THP showed no sign of damage on the sideplates. Figure  5 shows that, despite the fact that the blade was not grit blasted, there was a limited amount of spallation. The damage was primarily at the leading and trailing edges, which is thought to be caused by the high aerodynamic load in these regions. It was known before the test that the adherence of THP may be compromised due to the low surface roughness, reducing the mechanical interlocking of the paint to the substrate. 
Thermal Evaluation

Sideplate
The sideplates, which are directly derived from a proven design used in MAN's THM engines, are attached to the rotor disks and incorporate the sealing for the secondary air system. They also fix the rotor blades in the axial direction. The downstream sideplate of the first stage, i.e. the one in the cavity between the first and second stages, was chosen for evaluation because previous tests showed this sideplate had both the highest thermal load and gradient as its tip is part of the shingling and, therefore, has direct hot gas contact. In a thermal paint test, which was independent of the test campaign including the THP, a number of thermal paints was applied to the sideplate in question. One of them is depicted in the left-hand side of Fig. 6 . Only one isotherm can be seen for this particular thermal paint although the total temperature variation amounts to more than 200K. Temperature measurements were taken on the THP at 6 different radii and 1.5° apart in the circumferential direction on the sideplate. When comparing the thermal paint results with the THP's on the "outer" side of the sideplate (right-hand side of Fig. 6 ) it can be seen that, even though measurements density is rather sparse, the resolution of the temperature distribution is much more detailed when using THP's. A comparison of the "outer" and "inner" sides of the sideplate, i.e. the one facing the cavity and the one touching the rotor disk, it can be seen that the thickness of the sideplate is virtually insignificant for the temperature distribution. At the same time the resolution is good enough to allow the cooler spots to be distinguished at the "inner" sideplate where the coolant supply channels for the blades are located. Figure 7 (please note that the x-axis is not to scale) shows a comparison between CFD and THP results. The full line in the figure are the non-dimensionalized, time-and spatially averaged wall temperatures on the sideplate based on an URANS-calculation of a 60°-sector of the cavity between the 1st and 2nd stage for the relevant operating point in the test run. The squares represent the spatially-averaged THP-measurement points of the 90°-sector shown in Fig. 6 . The graph shows the very low temperature at radii below the labyrinth seal. On larger radii the temperature slowly and gradually increases up to the point where the purge flow air mixes with the main flow path air in the shingling region. Figure 7 also shows the bandwidths of two colour-changes of a particular thermal paint in pink. Obviously, in this particular case a linear interpolation between the minimum and maximum of the bandwidth would have produced acceptable results. This is not always the case and sometimes a much more detailed resolution is required, for example with blades. Because of the automated measurement system, the exact position of each measurement is known. This greatly increases the comparability of the results. The correspondence between the measurements and the CFD over the complete range is remarkable (generally better than 10K) considering the unsteady nature of the flow and the uncertainty in e.g. the mass flow the boundary conditions. The results seem to confirm an adiabatic calculation of the cavities is permissible.
Second Stage Blade
The second stage blade is internally cooled by convective heat transfer. The cooling air exits the blade through dust holes that are incorporated in the shroud. As the thermal load on this blade is relatively low, a simple cooling scheme is used. The CFD calculations of the heat transfer enhancement strategies of this scheme have validated using experimental data from a number of different sources. The confidence in the CFD-results is therefore high, which is a sound basis for comparison with the THP results.
The top left of Fig. 8 shows the isotherms on both the pressure and suction side of the second stage blade from the same thermal paint test run as the sideplate in Fig. 6 . The paints show that the trailing edge (indicated by "A" in the figure) is hotter than the rest of the blade and a cold spot at the leading edge blade tip can be distinguished on the SS ("B"). This can be attributed to purge air from the casing. On the leading edge PS a hotter region can be seen ("C"). On both sides the blade is considerably cooler around the blade platform where the coolant enters the blade ("D"). All in all, the paint shows five main temperature regions on the blade aerofoil.
The top right of Figure 8 shows the results of CFD calculations of the second stage blade for the boundary conditions of the thermal paint test. The CFD was calibrated with the thermal paint results and the calculations obviously show the same hot and cold regions, but the absolute size of the regions is different. A number of regions with a relatively high temperature from the CFD, like the one near the trailing edge shroud on the PS, is not captured by the paints, though. All in all the qualitative agreement is very good and the paints can serve as a first indication of both the temperature level and distribution.
The number of measurement points from the THP's is theoretically only limited by the diameter of the laser. Practical considerations, e.g. the size of the measurement equipment at the time, limited the amount of measurement points on the aerofoil of the blade in question to approximately 550. In the areas without any measurement data in Figure 8 , the component geometry restricted the automated instrumentation (described in Section THP measurement instrumentation) from acquiring a measurement. Since these results were taken, further improvements have been made to the system to allow more complex geometries to be measured. All of the hot zones from the thermal paints and CFD can also be found in the THP results, shown in the bottom of Figure 8 . The hot area along the trailing edge on the SS and PS (labelled A) was present in the THP results. The maximum temperature was generally similar to the CFD simulations with a value of around 1, although the peak temperature indicated by THP is slightly higher by ~10%. It should be noted, though, that the TIT of the THP-test was higher than that of the thermal paint one. As it is difficult to cool the trailing edge, the temperature in this area is influenced more by the hot gas conditions than other parts of the blade. The cold spot at the leading edge blade tip of the suction side (labeled B) is also observed with the THP. The absolute value of the minimum temperature of both CFD and THP results in this area agreed well.
The hot area along the leading edge on the pressure side (labeled C) was also observed in the THP results. The extent towards the platform of this area clearly fits better with the CFD results than the thermal paints did. Some of the data points on the pressure side blade tip close to the leading edge are however missing due to spallation of the THP on those locations.
The cooler region around the blade platform (indicated by D) was also measured by the THP, although the minimum temperature measured was slightly higher than the CFD estimated (~0.68 for THP and ~0.6 for CFD). The cool region on the CFD results extends upwards towards the mid-span of the blade, with a cold spot also in the middle of the aerofoil (~0.6). Although THP results show a cooler temperature at the centre of the SS extending all the way to the blade tip, the cold spot is not as pronounced as in the CFD calculations.
CONCLUSIONS
The paper describes the first application of the THP technology in an extended, rather than dedicated, engine test. The THP was applied on a range of different components and tested for a total duration of approximately 50 hours. The results from two components, the downstream sideplate of the first stage and the second stage turbine blade, are reported here.
Thermocouple data from the engine test indicated that the components were exposed for extended periods of time below the maximum temperature. An investigation was conducted into the effect of this had on the calibration required for the THP. Three sets of samples were heat treated in several steps over the complete temperature range of the THP. The results indicated that the calibration curves for different durations converge once the exposure duration exceeds 6-7 hours. Therefore, samples of the THP were heat treated for 7 hours across the complete temperature range between 250 and 840 °C to generate the calibration data for the engine test.
After the complete engine test, the components were removed. There was no damage observed on the sideplate and minor erosion damage on the leading and trailing edge of the second stage blade. This observation demonstrated that the durability of the THP is sufficient to be successfully used in extended engine tests.
The temperature was measured using an automated instrumentation system recorded the 3-dimensional coordinates of all the data. This approach enables a high spatial accuracy, facilitated the interface between the measurement data and CFD calculations and enabled 3-dimensional representations of the data. The temperatures shown by thermal paints, THP and CFD corresponded very well. As was shown for a sideplate, the temperature difference between THP and CFD was generally less than 10K. The results on the second stage blades show the same overall thermal features of the temperature distribution, with good agreement between the absolute values.
The results presented here demonstrate the feasibility of using the THP technology on extended test campaigns. Eliminating the requirement for dedicated, short term tests, as is the case with thermal paint, has significant cost and time saving benefits. As a result, the THP could reduce the cost and time involved in the validation of new engine designs.
